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Abstract: 
 
The temperature and pressure dependence of the partial density of phonon states of iron atoms in 
superconducting Fe1.01Se was studied by 57Fe nuclear inelastic scattering (NIS). The high energy 
resolution allows for a detailed observation of spectral properties. A sharpening of the optical 
phonon modes and shift of all spectral features towards higher energies by ~4% with decreasing 
temperature from 296 K to 10 K was found. However, no detectable change at the tetragonal – 
orthorhombic phase transition around 100 K was observed. Application of a pressure of 6.7 GPa, 
connected with an increase of the superconducting temperature from 8 K to 34 K, results in an 
increase of the optical phonon mode energies at 296 K by ~12%, and an even more pronounced 
increase for the lowest-lying transversal acoustic mode. Despite these strong pressure-induced 
modifications of the phonon-DOS we conclude that the pronounced increase of Tc in Fe1.01Se with 
pressure cannot be described in the framework of classical electron-phonon coupling. This result 
suggests the importance of spin fluctuations to the observed superconductivity.  
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Introduction 
The recent discovery of superconductivity with Tc values up to 56 K in FeAs-based layered 
compounds has attracted tremendous interest [1-6] and has also stimulated the search for further 
related superconductors. The observation of superconductivity in the -Fe1+xSe (x >0) system [7,8] 
with Tc  8.5 K at ambient pressure together with the dramatic increase of Tc with pressure up to 37 
K [9-11] provides a “simple” model compound [12] since -FeSe with the PbO-type tetragonal 
structure is built up of layers of FeSe4 edge-sharing tetrahedra, the same structural motif as in the  
FeAs-based superconductors. The superconducting (sc) properties of FeSe depend strongly on the 
stoichiometry [8] and the structure [10,13], as demonstrated by the fact that sc Fe1.01Se undergoes a 
continuous tetragonal to orthorhombic transition (T-O) around 100 K, whereas the non-sc Fe1.03Se 
remains tetragonal by x-ray diffraction [13]. One can suppose that the structural instability in the sc 
phase has relations to the mechanism of superconductivity. Important in this context was the finding 
that the T-O phase transition in sc FeSe systems is not magnetically driven [8,9,13]. 
Essential progress was achieved in high-pressure studies of FeSe systems, establishing the 
structural phase diagram and border-lines of superconductivity [9,10]. In particular, i) an enormous 
increase of Tc attaining 37 K was found in Fe1.01Se under pressure of ~9.0 GPa; ii) subsequent 
decrease of Tc accompanied by the structural phase transformation into the semiconducting high-
pressure phase was revealed for p > 9.0 GPa, and iii) non-magnetic ground states were found at 4.2 
K for both the sc orthorhombic and non-sc high-pressure phases by means of 57Fe-Mössbauer 
spectroscopy [9]. 
The origin of Cooper pairing in these new superconductors is the most important question. 
Replacement of classical electron-phonon interaction by a mechanism based on spin fluctuations 
and/or spin-density waves is considered as an alternative microscopic mechanism of 
superconductivity in Fe-based pnictides [14]. Indeed, there is experimental evidence for 
antiferromagnetic fluctuations in FeSe observed with 77Se-NMR, enhanced under pressure in the 
orthorhombic low-temperature phase [15]. These spin fluctuations should originate from the 
conduction band, since 57Fe-Mössbauer investigations at ambient and high pressure [8,9] as well as 
in external applied magnetic fields [16-18] did not observe magnetic order or local Fe moments, 
respectively. 
The observation of a large iron isotope effect, here an increase of Tc for the lighter 54Fe 
isotope, in the related FeAs-systems Ba1-xKxFe2As2 and SmFeAsO1-xFx, suggests an important role 
of Fe phonon modes for the observed superconductivity [19]. Very recently, a similar isotope effect 
has been reported for the present FeSe system [20], demonstrating again that the vibrations of iron 
atoms are involved in the sc mechanism, possibly connected, as discussed in [14,15], with spin 
fluctuations. Therefore a detailed study of the partial density of phonon states (phonon DOS) of Fe 
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atoms, which are here the active “players”, is of actual interest. Taking into account the enormous 
increase of Tc in Fe1.01Se under pressure [9], the study of the Fe-partial phonon DOS under pressure 
is of utmost importance. 
In this paper, we report the results of 57Fe nuclear inelastic scattering (NIS) spectroscopy 
performed on Fe1.01Se with a high energy resolution of 0.75 meV, delivering the Fe-partial phonon-
DOS as a function of temperature and pressure, yielding important information about the various 
acoustic and optic modes. The application of a pressure of 6.7 GPa, where the present Fe1.01Se 
sample exhibits a Tc value of 34 K, just below the maximum Tc of 37 K, and remains in the pure 
PbO-phase, leads to a strong increase in energy of the phonon spectrum, being most pronounced for 
the low-lying transversal acoustic modes.  
The paper is organized as follows. After the experimental details, we present the typical 
57Fe-NIS spectra and the derived Fe partial phonon-DOS measured as a function of temperature and 
pressure. The present Fe-partial phonon-DOS is compared with a neutron scattering study of FeSe 
which gives information on the total phonon-DOS [21]. Phonon-modes involving vibrations of both 
Fe and Se as well as exclusively either Fe or Se can be distinguished with the help of theoretical 
studies [22,23]. Informative for the present sc FeSe-system, called in literature “11 system” [12], is 
the comparison with 57Fe-NIS and Raman studies of other Fe-based sc systems, e.g. the 1111 
system LaFeAsO1-xFx [24] as well as the 111 system Ba1-xKxFe2As2 [25]. Finally we discuss the 
changes in the phonon-DOS under pressure with the strong increase of Tc in the framework of the 
theoretical approaches for conventional superconductivity.  
 
Experimental 
A sample of sc Fe1.01Se, enriched with 20% 57Fe, was prepared in the same way as 
previously reported [8]. Laboratory XRD characterization of the present Fe1.01Se sample confirmed 
the tetragonal PbO-type structure at ambient pressure. The sample is the same as the one used for 
the 57Fe-Mössbauer studies described in Refs [9,13]. Storage and handling of the sample was done 
under strictly inert conditions [8,26]. For the high-pressure (hp) study a Paderborn-type diamond 
anvil cell [27,28] was used, with a diamond anvil flat of 500 µm and a Be gasket with a sample hole 
diameter of 200 µm. Silicon oil was used as inert pressure transmitting medium. The pressure was 
determined by the ruby fluorescence method. The NIS experiments were performed at the Nuclear 
Resonance beamline ID18 [29] of the European Synchrotron Radiation Facility (ESRF), operated in 
the 16-bunch mode of the storage ring with a nominal electron current of 90 mA. A four-bounce in-
line [30] high-resolution monochromator, consisting of two pairs of Si(4 0 0) and Si (12 2 2) 
crystals, provided the flux of 4×109 photons per second within the energy bandwidth of 0.75 meV 
(FWHM) at the 57Fe resonance energy of 14.413 keV [31]. Energy calibration was performed using 
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the dominant 57Fe stretching mode at 74.0 meV in (NH4)2Mg57Fe(CN)6 [32]. For the hp experiment, 
the monochromatized SR beam was focussed on a spot of 5×13 µm2, so fully hitting the pressurized 
FeSe sample. 57Fe-NIS spectra were recorded in an energy range ±80 meV with a stepwidth of 0.20 
meV. For each temperature, about 20 NIS spectra, each taking about 40 min, were added. For the hp 
study, 30 NIS spectra were added, which had less counting rate due to the reduced geometry and 
strong absorption for the scattered 14.413 keV gamma and Fe KS,T x-rays by the hp cell [28]. 
Evaluation of the Fe partial phonon-DOS from the NIS spectra is described in [32-34]. The derived 
phonon-DOS, presented below, are smoothed by a linear filter function with a width of the 
averaging window equal to the experimental instrumental resolution of 0.75 meV.  
 
Results and Discussion 
Two selected spectra of nuclear inelastic scattering at the 57Fe resonance in Fe1.01Se, 
measured at T = 296 K and T = 10 K, shown in Fig. 1, exhibit the typical temperature dependence 
of the inelastic Stokes and anti-Stokes side wings originating from the creation and annihilation of 
phonons, respectively [32-34]. From such NIS-spectra, measured at various temperatures in the 
tetragonal (296 K and 110 K) and in the orthorhombic phase (66 K and 10 K), the derived Fe-partial 
phonon-DOS, g(E), are shown in Fig. 2. This figure also presents the Fe phonon-DOS measured at 
T = 296 K under a pressure of 6.7 GPa. The high energy resolution over the whole spectral range 
allows an assignment of characteristic acoustic and optical branches. With decreasing temperatures 
a shift of all characteristic features, called here in short modes [35], to higher energies (by ~4%) and 
a sharpening especially of the optical modes was observed. The energies of eight pronounced 
features in the Fe-partial phonon-DOS, best resolved in the 10 K data and labeled (1)-(8) in Fig.2,  
and their dependencies on temperature and pressure are presented in the Table 1. We follow in our 
assignment of these spectral features a recent neutron scattering study of FeSe [21] as well as two 
theoretical calculations of the phonon dispersions and derived phonon-DOS in FeSe [22,23].  
We start at the low energy part of the Fe-partial phonon-DOS at 10 K in Fig. 2, where we 
attribute two features at 5.6 and 9.4 meV, designated (1) and (2), to transversal acoustic (TA) 
modes, better resolved in the so-called reduced form of the DOS, g(E)/E2, shown in Fig. 3. The 
broad, less structured features from 15 to 18 meV, labeled (3), are attributed to mostly longitudinal 
acoustic (LA) modes. This assignment of the acoustic modes is in principle agreement with the 
theoretical calculations [22,23], indicating an upper value for “pure” LA frequencies around 18 
meV. The highly anisotropic layered structure as well as the large c-axis compressibility due to the 
soft, van der Waals-like, interlayer bonding, should be reflected in the acoustic modes in c-
direction. In Ref. 22, such a soft TA mode was calculated around 2.5 meV for the -Z branch of the 
Brillouin zone. We could not detect, in agreement with the neutron study [21], any structure at this 
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low energy, still well resolvable with the present experimental resolution. We attribute, however, 
the mode (1) around 5.4 meV to this soft TA branch. This assignment is supported by the strong 
pressure induced shift of this mode as discussed below.  
Above ~20 meV, we assign the well-resolved spectral features in the DOS to optical modes. 
These optical modes exhibit, due to the small energy variation in their dispersion relations and due 
to the high spectral resolution of the present study, well-resolved structures which can be adjusted 
by Voigt profiles as shown in the 10 K data of Fig. 2 [36].  
By comparison with the theoretical and experimental phonon studies, the prominent peak at 
25.5(3) meV, labeled (5) in Fig. 2, can be attributed to the Fe B1g Raman mode in the calculated 
phonon DOS [22,23]. B1g represents a special mode, involving mainly the displacements of Fe 
atoms vibrating in opposite directions parallel to the c-axis in the Fe-Se layers, see [37]. Most 
interestingly, this mode is also observed around 25 meV in 57Fe-NIS studies of the other Fe-based 
high-Tc systems with Fe-As layers, here in LaFeAsO1-xFx [24] and in Ba1-xKxFe2As2 [25] and is 
characteristic to the Fe-X (X = Se, As) layers [23]. Raman studies of this mode, including its 
temperature dependence, are well documented [37,38], with a very similar dependence as observed 
here. Since the mass of the vibrating Fe atoms is approximately the same in these different studies 
[39], the relative small differences in the frequencies of this Raman mode must be attributed to 
differences in Fe-X bonding strength. Both theoretical calculations of the phonon-DOS in FeSe put 
this B1g Fe-mode to considerably higher energies around 29 meV [22] and around 31 meV [23]. 
Very helpful in this context is the decomposition of the theoretical phonon-DOS of Ref. 22 into the 
relative contributions of the Fe and Se constituents in the neutron study [21,40].  
We proceed now to the well-resolved group of optical modes in the energy region from 30 
to 40 meV, consisting of combined Fe and Se optical modes. The mode (8) with the highest energy 
of 38.7 meV is attributed to the Eg(2) mode from comparison with theoretical and other studies 
[21,37,38,41]. The dominant peak (6) at 31.6 meV can be attributed to the Eu(2) mode. Again, as for 
the B1g mode, the theoretical calculations predict higher values for these modes (6) and (8), 
calculated at 35 meV and 40 meV in Ref. 22 and to 37 meV and 42 meV in Ref. 23. Finally, we 
tentatively assign the relatively weak structure at 20.6 meV, best resolved at 10 K, to the Eg(1) mode.  
By lowering the temperature from 296 K to 10 K, there is a sharpening of the spectral 
features in the phonon-DOS of FeSe, evident from Fig. 2, accompanied by a shift to higher energies 
by about 4% (see Tab. 1 and Ref 42). Comparison of the well-resolved phonon DOS at 110 K 
(tetragonal phase) and at 66 K (orthorhombic phase) reveal, beside small changes in energy due to 
the lowering of temperature, no difference which could be attributed to the subtle T-O phase 
transition of sc Fe1.01Se around 100 K [13]. This finding is in principal agreement with the phonon 
DOS data derived in the neutron study with less spectral resolution [21]. It should be mentioned that 
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57Fe-Mössbauer studies of the present sc Fe1.01Se sample as well of a non-sc Fe1.03Se sample [13,18] 
reveal no differences in the quadrupole splitting, but for the sc Fe1.01Se sample a slightly reduced f-
factor (by ~1.5 %) in the orthorhombic phase. This indicates that the Fe binding strength in the sc 
orthorhombic phase is slightly reduced in comparison to the non-sc Fe1.03Se sample [18]. Such a 
behavior is also reflected in the mean-squared vibration amplitudes derived in the XRD study data 
of these samples [13].  
The normalized Fe-partial phonon DOS allows us to derive elastic and thermodynamic 
parameters of the Fe sublattice, similar as done in a related 119Sn-NIS study of SnO [41], a 
compound with the same PbO-structure as FeSe. Table 2 presents Lamb-Mössbauer factor fLM and 
the mean force constant D, derived from the 57Fe-partial phonon-DOS of sc Fe1.01Se at 296 K. Other 
elastic and thermodynamic parameters of the Fe sublattice from the present sc Fe1.01Se sample as 
well as from a non-sc Fe1.03Se sample derived from their phonon-DOS as well as from their 
Mössbauer spectra will be given in a forthcoming publication [18]. 
Fig. 2 (bottom) shows the phonon DOS of Fe1.01Se measured at 296 K under a pressure of 
6.7 GPa. At this pressure, the present sample exhibits superconductivity with Tc = 34 K and is free 
from the high-pressure phase, which starts to appear above 7 GPa and increases in amount at higher 
pressures [9,10]. The phonon DOS of Fe1.01Se at 6.7 GPa clearly reflects the strong increase of the 
spectral features towards higher energy due to the reduction of the molar volume by ~14% [10,43], 
evident for the optical modes (5)–(8) by a shift of about 12%. One observes even more significant 
modifications of the phonon-DOS g(E), especially for the transverse acoustic modes, where mode 
(1) is shifted by ~30% from 5.4 meV to ~7 meV and mode (2) by ~14% from 8.8 meV to 10.0 meV. 
This behavior is exemplified in the low-energy range, where the Debye approximation is valid, in 
the plot of the so-called reduced phonon-DOS, g(E)/E2, indicating by the extrapolation of the 
spectral features to E = 0, that the Debye sound velocity and therefore the bonding strength has 
considerably increased under pressure (Fig. 3). Calculation of the averaged Debye sound velocity 
<vD> from acoustic vibrations was done using the relation [44,45]:  
32 2 30
( ) 2 1lim
2E D
g E m
E m M n

 
	 
= =  +  h
  (1) 
Here m  = 57 for Fe and M  = 79 for Se, n = 4/V0 is the number of atoms per unit volume, V0 is the 
volume of the unit cell. With V0 = 78.58X10-30 m3 (ambient pressure) and V0 = 67.6X10-30 m3 (p = 6.7 
GPa), the derived <vD> values are 2.05(4)X103 m/s and 2.25(7)X103 m/s at ambient pressure and p = 
6.7 GPa, respectively. From the above  values, using the relation D,LT = (3/)1/3/kB [44,45], the 
corresponding low-temperature (LT) Debye temperatures D,LT  = 240(5) K (ambient pressure) and 
D,LT = 278(8) K (6.7 GPa) were derived. They are listed with the values of  and <vD> in Tab. 3.  
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These D,LT values reflect mainly the acoustic modes, they are smaller than  the values D = 
285(4) K and D = 317(6) K calculated at ambient pressure and p = 6.7 GPa, respectively, from the 
corresponding Lamb-Mössbauer factors, fLM  = 0.60(1) and 0.66(1), representing more the whole 
phonon-DOS. The present observation of rather low D,LT values in comparison to the D values is 
in accord with the observations in SnO [41] with a small bulk modulus, B0 = 38 GPa, similar to B0 
= 31 GPa derived for FeSe [10]. These small values of B0 originate mainly from the large c-axis 
compressibility. The present sound velocities are smaller than <vD> = 2.46.103 m/s derived in sc and 
non-sc Ba1-xKxFe2As2 from a 57Fe-NIS study [25].  
The pressure-induced energy shift of certain well-resolved modes can be expressed by 
mode-specific Grüneisen parameter i according to the Debye-Grüneisen model by i = dlnEi/dlnV. 
The corresponding values of i derived for the 6.7 GPa data with dlnV = 0.14 [10,43] are listed in 
Tab. 1. While the optic modes with i = 5, 6, 8 exhibit i  values from 0.7(1) to 0.9(1), the two lowest 
acoustic modes exhibit values of 1 = 2.4(3) and 2 = 1.0(1). As mentioned above, the large value 
for the mode (1) is attributed to the strong compression of the c-axis and the interlayer distance. The 
optical modes, on the other hand, experience a smaller change of the intra-layer Fe-Se distances due 
to the smaller compression of the a-axes than the c-axis, dlnc/dp = 2.5 dlna/dp [10]. Consequently, 
the pressure-induced increase in energy of the spectral features of the phonon-DOS in sc Fe1.01Se 
can be entirely explained by the reduction of the local metric at the Fe constituents. We do not 
observe any lattice instability, i.e. a decrease [25] in the energy of certain modes which may be 
relevant to the mechanism of the superconductivity, here, despite the strong increase of Tc with 
pressure.   
We discuss the strong increase of Tc in Fe1.01Se under pressure using the McMillan formula 
for conventional, electron-phonon mediated superconductivity [46], following recent discussions on 
similar Fe-based superconductors [47, 48]:  
*
1.04(1 )exp[ ]
1.45 (1 0.62 )
D
CT

 µ 
 +
= 
 +
   (2) 
where D is the Debye temperature derived from the fLM , *µ  0.1 is the Coulomb pseudopotential, 
the electron-phonon coupling constant   is proportional to the average inverse square of the 
phonon frequency 2 . With D = 285(4) K one can find from (2) that cT  8.5 K observed at 
ambient pressure corresponds to ; = 0.65(1). This value is between a theoretically derived value of ; 
= 0.21 for LaOFeAs [48, 49] and a value ; = 1.3 deduced for PrFeAsO1-xFx from transport 
measurements [49, 50]. The present pressure-induced hardening of the average phonon mode 
energies by 12% or even the increase of TA soft mode energy by 30% results with the above 
 
 
8 
equation (2) in an increase of cT  = 8.5 K by only a few percent which is much lower than the 
experimental increase of  Tc to 34 K at 6.7 GPa [9]. Our conclusion is that cT  estimation based on 
the McMillan formalism for superconductivity mediated by electron-phonon interaction [46] cannot 
explain the strong rise of cT  in Fe1.01Se under pressure considering only modifications of the 
phonon spectrum. Very similar conclusions were obtained for the LaOFeAs system [48] using the 
Allen-Dynes formalism [51]. 
One factor which could be responsible for the observed Tc enhancement in Fe1.01Se under 
pressure is a strong modification of chemical or valence state of the Fe2+ ions, causing substantial 
changes at the electronic density of states at the Fermi level. However, the present experimental 
data does not seem to support this hypothesis. Such pressure-induced changes should be reflected in 
the Mössbauer isomer shift < at the 57Fe nuclei. Analysis of pressure dependence of < in the 
tetragonal phase of Fe1.01Se [9] provides a small and almost linear variation of < with a pressure, 
corresponding to a volume coefficient of d</dlnV = 0.40(2) mm/s, a value typical for the covalent 
(or semi-metallic) Fe2+ state [16, 52], with no indications for any abnormal changes of the s-
electron density at pressures up to 9 GPa [18].  
Instead, from the previous studies of Fe1.01Se, the observation of strong spin fluctuations in 
77Se-NMR studies is most relevant for the sc mechanism [15]. These spin fluctuations, originating 
from d-electrons the conduction band, are enhanced in the sc orthorhombic phase and also, most 
importantly, strongly under pressure. This indicates that antiferromagnetic spin fluctuations, 
coupled to phonon modes, may play a decisive role in the superconductivity in Fe1.01Se [15, 22]. Of 
actual interest here the FeSe1-xTex systems [47, 53], exhibiting an increase of Tc with Te substitution 
and with pressure. Investigation of the phonon-DOS in these systems might provide additional 
information about the respective mechanisms for superconductivity.  
 
Conclusion 
The temperature and pressure dependence of the partial density of phonon states of iron 
atoms in superconducting Fe1.01Se was studied by 57Fe-NIS. The high energy resolution allows for a 
detailed observation of spectral properties. A sharpening of the optical phonon modes and shift of 
all spectral features towards higher energies by ~4% with decreasing temperature from 296 K to 10 
K, was seen. However, no detectable change at the tetragonal – orthorhombic phase transition 
around 100 K was observed. Application of a pressure of 6.7 GPa, connected with an increase of the 
superconducting temperature from 8.5 K to 34 K, resultsed in an increase of the phonon mode 
energies at 296 K by ~12%, and an even more pronounced increase for the transversal acoustic 
modes.  
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The present data on the partial Fe phonon-DOS with the unambiguous identification of 
various Raman as well as acoustic modes with high energy accuracy should initiate theoretical 
calculations with improved interaction parameters to meet the present experimental results. Such an 
improvement in the theoretical description may also provide new and better approaches to the 
description of the electronic and magnetic interactions, including spin-fluctuations [14].  
Despite the pronounced pressure-induced modifications of the phonon-DOS we conclude 
that the strong increase of Tc in Fe1.01Se with pressure cannot be described in the framework of 
classical electron-phonon coupling. This result suggests the importance of alternative mechanisms, 
e.g. spin fluctuations, to describe the observed superconductivity.  
  
Acknowledgements 
The work at Mainz was financially supported by the DFG in the Collaborative Research 
Center Condensed Matter Systems with Variable Many-Body Interactions (TRR 49). G.W. 
gratefully acknowledges support by the DFG grant WO209/13. The work at Princeton was 
supported primarily by the US Department of Energy, Division of Basic Energy Sciences, Grant 
No. DE-FG02-98ER45706. T.M.M. gratefully acknowledges the support of the National Science 
Foundation Graduate Research Foundation program. We thank Ilja Sergueev and Cornelius Strohm 
for expert help at the ESRF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
References and Footnotes: 
 
* corresponding author, e-mail: v.ksenofontov@uni-mainz.de 
§ present affiliation: Department of Chemistry, Massachusetts Institute of Technology, 77 
Massachusetts Ave, Cambridge, MA 02139 and Department of Chemistry and Department of 
Physics, The Johns Hopkins University, 3400 N.Charles St, Baltimore, MD 21218, USA 
 
 
[1] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am. Chem. Soc. 130, 3296 (2008). 
[2] X.H. Chen, T. Wu, G. Wu, R.H. Liu, H. Chen and D.F. Fang, Nature 453, 761 (2008). 
[3] J. Zhao, Q. Huang, C. de la Cruz, S. Li, J.W. Lynn, Y. Chen, M.A. Green, G.F. Chen, G. Li,   Z. 
Li, J.L. Luo, N.L. Wang, and P. Dai, Nature Mater. 7, 953 (2008). 
[4] M. Rotter, M. Tegel and D. Johrendt, Phys. Rev. Lett. 101, 107006 (2008). 
[5] M.J. Pitcher, D.R. Parker, P. Adamson, S.J.C. Herkelrath, A.T. Boothroyd, and S.J. Clarke, 
Chem. Commun. 45, 5918 (2008).  
[6] Z.-A. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, Z.-C. Li, G.-C. Che, X.-L. Dong, L .-L. Sun, F. 
Zhou, and Z.-X. Zhao, Chin. Phys. Lett. 25, 2215 (2008). 
[7] F.C. Hsu, J.Y. Luo, K.W. Yeh, T.K. Chen, T.W. Huang, P.M. Wu, Y.C. Lee, Y.L. Huang, Y.Y. 
Chu, D.C. Yan, and M.K. Wu,  Proc. Nat. Acad. Sci. U.S.A. 105, 14262 (2008). 
[8] T.M. McQueen, Q. Huang, V. Ksenofontov, C. Felser, Q. Xu, H. Zandbergen, Y.S. Hor, J. 
Allred, A.J. Williams, D. Qu, J. Checkelsky, N.P. Ong, and R.J. Cava, Phys. Rev. B 79, 014522 
(2009). 
[9] S. Medvedev, T.M. McQueen, I. Trojan, T. Palasyuk, M.I. Eremets, R.J. Cava, S. Naghavi, F. 
Casper, V. Ksenofontov, G. Wortmann, C. Felser,  Nature Mater. 8, 630 (2009). 
[10] S. Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi, Y. Takano, T. Kagayama, T.  
Nakagawa, M. Takata, and K. Prassides, Phys. Rev. B 80, 064506 (2009). 
[11] Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y. Takano, Appl. Phys. Lett. 93, 
152505 (2008). 
[12] B. Büchner and C. Hess, Nature Mater. 8, 615 (2009). 
[13] T.M. McQueen, V. Ksenofontov, F. Casper, C. Felser, R. J. Cava, Phys. Rev. Lett. 103, 
057002 (2009). 
[14] I.I. Mazin, D.J. Singh, M.D. Johannes, and M.H. Du, Phys. Rev. Lett. 101, 057003 (2008). 
[15] T. Imai, K. Ahilan, F.L. Ning, T.M. McQueen, R.J. Cava, Phys. Rev. Lett. 102, 177005 (2009). 
[16] T. Tsuji, A.T. Howe, and N.N. Greenwood, J. Solid-State Chem. 17, 157 (1976). 
[17] A. Blachowski, K. Ruebenbauer, J. Zukrowski, J. Przewoznik, K. Wojciechowski, Z. M. 
Stadnik, arXiv:0907.0383v2 . 
[18] V. Ksenofontov et al., unpublished results. 
 
 
11 
[19] R. H. Liu, T. Wu, G. Wu, H. Chen, X. F. Wang, Y. L. Xie, J. J. Ying, Y. J. Yan, Q. J. Li, B. C. 
Shi, W. S. Chu, Z. Y. Wu and X. H. Chen,  Nature 459, 64 (2009). 
[20] R. Khasanov, M. Bendele, K. Conder, H. Keller, E. Pomjakushina, V. Pomjakushin, 
arXiv:1002.2510v1. 
[21] D. Phelan, J.N. Millican, E.L. Thomas, J.B. Leão, Y. Qiu, R. Paul, Phys. Rev. B 79, 014519 
(2009). 
[22] A. Subedi, L. Zhang, D.J. Singh, M.H. Du, Phys. Rev. B 78, 134514 (2008). 
[23] N. Nakamura, N. Hayashi, N. Nakai, M. Machida, Physica C 469, 1024 (2009). 
[24] S. Higashitaniguchi, M. Seto, S. Kitao, Y. Kobayashi, M. Saito, R. Masuda, T. Mitsui, Y. Yoda, 
Y. Kamihara, M. Hirano, and H. Hosono, Phys. Rev. B 78, 174507 (2008). 
[25] S. Tsutsui, C.H. Lee, C. Tassel, Y. Yoshida, Y. Yoda, K. Kihou, A. Iyo, and H. Eisaki, J. Phys. 
Soc. Jpn 79, 013706 (2010). 
[26] E. Pomjakushina, K. Conder, V. Pomjakushin, M. Bendele, R. Khasdanov, Phys. Rev. B 80, 
024517 (2009).  
[27] R. Lübbers, H.F. Grünsteudel, A.I. Chumakov, G. Wortmann, Science 287, 150 (1250). 
[28] H. Giefers, R. Lübbers, K. Rupprecht, G. Wortmann, D. Alfe, A.I. Chumakov, High Press. 
Res. 22, 501 (2002).  
[29] R. Rüffer and A.I. Chumakov, Hyperfine Interact. 97/98, 589 (1996). 
[30] M. Yabashi, K. Tamasaku, S. Kikuta, T. Ishikawa, Rev. Sci. Instrum. 72, 4080 (2001).  
[31] A.I. Chumakov, unpublished. 
[32] A.I. Chumakov, R. Rüffer, O. Leupold, I. Sergueev, Struct. Chem. 14, 109 (2003). 
[33] V.G. Kohn and A.I. Chumakov, Hyperfine Interact. 125, 205 (2000). 
[34] A.I. Chumakov and W. Sturhahn, Hyperfine Interact. 123/124, 781 (1999). 
[35] We name well-resolved maxima in the present DOS g(E) (or in the reduced form, g(E)/E2) 
“modes”. They originate from the flat parts of the dispersion curves mainly around the Brillouin 
zone boundaries. For optical modes, the maxima in our phonon-DOS fit well with Raman/IR modes 
measured at the  boundary.   
[36] Optical modes in Fig.2 are described by a Voigt line profile, consisting of a (fixed) Lorentzian 
(for the experimental resolution), folded with a Gaussian line profile with a linewidth reflecting the 
energy range of the dispersion of the optical modes. Details will be given in a forthcoming 
publication [18].  
[37] A.P. Litvinchuk, V.G. Hadjiev, M.N. Iliev, B. Lv, A.M. Guloy, A.W. Chu, Phys. Rev. B 78, 
060503 (2008).  
[38] V.G. Hadjiev, M.N. Iliev, K. Samal, Y.-Y. Sun, C.W. Chu, Phys. Rev. B 77, 220505 (2008). 
 
 
12 
[39] There may exist subtle differences in energy of Raman and other modes measured on samples 
with natural Fe (m = 55.85) in comparison to the present 57Fe-NIS studies performed on 57Fe-
enriched samples. These differences are not decisive for the present study and will be discussed 
elsewhere [18]. 
[40] The position of the unresolved A1g (Se) and B1g (Fe) Raman modes in the neutron spectra at 
~25 meV can be explained as the average of 25.5 meV for the Fe B1g mode (present data) and ~24 
meV for the A1g (Se) mode according to the Fe/Se mass difference and their spectral contributions 
shown in the neutron study [21]. 
[41] H. Giefers, S. Koval, G. Wortmann, W. Sturhahn, E.E. Alp, M.Y. Hu, Phys. Rev. B 74, 
094303 (2006). 
[42] The observed 4% decrease in mode energies from 296 K to 10 K is directly connected with the 
thermal contraction of the volume of the unit cell by ~1% [13,21]. With the data of the Grüneisen 
parameters of the Fe modes given in Tab. 3, only slightly more than one quarter of the observed 
shifts can be attributed to the volume contraction. The other three quarters are due to the increasing 
anharmonicity of the vibrational modes with increasing temperature [37]. Since these temperature 
effects are not considered in the theoretical calculations, we compare here our data obtained at 10 K 
with the theoretical data in Refs. 22 and 23.  
[43] D. Braithwaite, B. Salce, G. Lapertot, F. Bourdarot, C. Marin, D. Aoki and M. Hanfland, J. 
Phys., Cond. Matter 27, 232202 (2009). 
[44] M.Y. Hu, W. Sturhahn, T.S. Toellner, P.D. Mannheim, D.E. Braun, J. Zhao, E.E. Alp, Phys. 
Rev. B 67, 094304 (2003). 
[45] A.I. Chumakov, A. Bosak, R. Rüffer, Phys. Rev. B 80, 094303 (2009). 
[46] W.L. McMillan, Phys. Rev. 167, 331 (1968).  
[47] C.-L. Huang, C.-C. Chou, K.-F. Tseng, Y.-L. Huang, F.-C. Hsu, K.-W. Yeh, M.-K. Wu, and 
H.-D. Yang, J. Phys. Soc. Jpn. 78, 084710 ((2009).  
[48] L. Boeri, O.V. Dolgov, and A.A. Golubov, Phys. Rev. Lett. 101, 026403 (2008). 
[49] M. V. Sadovskii, Phys. Usp. 51(12), 1201 (2008). 
[50] D. Bhoi, P. Mandal, and P. Choudhury,  Supercond. Sci. Technol. 21, 125021 (2008). 
[51] P.B. Allen and R.C. Dynes, Phys. Rev. B 12, 905 (1975). 
[52] D.L. Williamson, in Mössbauer Isomer Shifts, edited by G.K. Shenoy and F.E. Wagner (North-
Holland, Amsterdam, 1978), p. 317. 
[53] Y. Shimizu, T. Yamada, T. Takami, S. Niitaka, H. Takagi, and M. Itoh, J. Phys. Soc. Jpn. 78, 
123709 (2009) and references therein.  
 
 
 
 
13 
TABLE 1. Energy of phonon modes and mode-specific Grüneisen parameters i in Fe1.01Se. The 
mode labels (i) are given in Fig. 2 for the 10 K data. Error bars are from fit adjustments or from 
graphical evaluation (see text). The structures (3) and (7) are not evaluated, only their energy range 
is given. The Grüneisen parameters i are evaluated from the data at 296 K.  
 
Energy of phonon modes (i), meV T, K / p, GPa 
1 2 3 4 5 6 7 8 
10 K 5.6(2) 9.4(2) 15 - 18 20.6(2) 
 
25.5(2) 
 
31.5(2) 33 – 35 38.7(2) 
66 K 5.5(2) 9.4(2) 15 – 18 20.4(3) 
 
25.5(2) 
 
31.4(2) 33 – 35 38.6(2)  
110 K 5.5(2) 9.4(2) 15 - 18 20.3(4) 25.3(3) 
 
31.3(3) 33 – 35 38.5(3) 
296 K 5.4(2) 8.8(2) 15 - 17 20.0(5) 24.4(3) 
 
30.1(5) -  36.9(4) 
296 K / 6.7 GPa 7.0(2) 10.0(3) - - 27.5 33.1(6) - 41.5(6) 
i Grüneisen 296 K 
2.4(3) 1.0(1) - -    0.9(1) 0.7(1) - 0.9(1) 
 
 
 
 
TABLE 2. Lamb-Mössbauer factor fLM and mean force constant D of the Fe sublattice derived from 
the experimental Fe-partial phonon DOS of Fe1.01Se. 
 
T, K/ p, GPa 10 K 66 K 110 K 296 K T = 296 K / 6.7 GPa 
fLM 0.91(1) 0.87(1) 0.83(1) 0.60(1) 0.66(1) 
D, N/m 192(5) 188(5) 186(5) 174(5) 194(5) 
 
 
TABLE 3. Average sound velocities <vD> and corresponding Debye temperatures D,LT  in Fe1.01Se 
derived from the reduced phonon-DOS parameter > (see Equ.1 and Fig. 3). The Debye temperature 
D is calculated from the Lamb-Mössbauer factors fLM of Fe1.01Se at 296 K. 
 
T, K / p, GPa >, meV-3 <vD>, m/s ?D,LT, K 
 
?D, K 
 
296 K, ambient pressure 0.34(2)10-3 2.05(4)103 240(5) 285(4) 
296 K, 6.7 GPa 0.22(2)10-3 2.25(7)103 278(8) 317(6) 
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Figures 
 
 
FIG. 1. 57Fe-NIS spectra of Fe1.01Se at room temperature (full circles) and at T = 10 K (open 
circles). 
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FIG. 2. Fe-partial phonon-DOS g(E) for Fe1.01Se at different temperatures (above) and at a pressure 
of 6.7 GPa at 296 K (below). At 10 K, resolved optical modes are shaded with light gray.  
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FIG. 3. Fe-partial phonon-DOS for Fe1.01Se at room temperature presented in the reduced form, 
g(E)/E2, for the low energy range demonstrating the strong modifications of the acoustic modes 
under pressure. The respective values of  given in Tab. 3 are obtained by extrapolating the data to 
E = 0 meV.  
 
 
 
 
 
